trapping, solubility trapping and mineral trapping. 9 Most existing calculation methods are based 1 on these mechanisms. 2 3
The US Department of Energy (USDOE) assumed all pore space in the saline aquifer can be used 4 for CO 2 storage, i.e. all the saline brine can be forced out of the aquifer. 10 The theoretical formula 5 of effective CO 2 storage in saline aquifer from this, which is widely used is as follows: 6
Formulae for the theoretical storage capacity of aquifers are given by the CSLF as the following:
Theoretical storage capacity of structural/stratigraphical trapping in aquifers: 9
Theoretical storage capacity of residual trapping in aquifer storage sites: 11
The theoretical storage capacity of CO 2 dissolved into aquifer pore water: 13
Where, is total CO 2 storage capacity (t); is structural CO 2 storage capacity (t)； 16 is soluble CO 2 storage capacity (t)； is residual CO 2 storage capacity (t); is 17 trapped CO 2 saturation (%); is area of aquifer, (m 3 )； is thickness of aquifer (m)；∅ is 18 porosity of aquifer (%)； is irreducible water saturation (%)； is density of CO 2 in the 19 aquifer (kgm -3 )； is solubility of CO 2 in the aquifer fluid (kgm -3 ); is density of formation 20 water (kgm -3 ); is CO 2 content (mass fraction) in formation water (%), and the subscripts 0 21
Reservoirs 1
The hydrocarbon reservoirs and HFSA were assessed using the criteria set out in Table 1 . 2 3 Several sandstone formations were deposited as the Songliao Basin experienced multiple cycles of 4 water table fluctuations, while the palaeo-climate alternated between wet and warm to hot and dry 5 during basin subsidence. The main lithology of the potential storage formations is well-sorted, 6
coarse-siltstone to fine arkose sandstone and feldspathic litharenite sandstone. The deepest formations assessed for storage potential in this paper are sandstone layers in the 9 lower Quantou and upper Denglouku formations, and conglomerate layers in the lower Denglouku 10
Formation and deeper Yingcheng and Shahezi formations. 31 These formations were discarded as 11 candidate storage targets as generally they lie at depths greater than 3000 m ( Fig. 1) , which is the 12 advised maximum depth limit for CO 2 storage as at these depths, compaction will most likely have 13 reduced porosity and permeability. A few parts of these formations are shallower than 3000 m, but 14 even these limited fragments lie deeper than 2800 m. Porosity and permeability data from these 15 formations are less than 10% and less than 1 mD respectively, 32 which makes them unfavourable 16 for CO 2 storage. 17
18
The most promising reservoirs for CO 2 storage in the northern Songliao Basin are in the Yaojia 19 and Qingshankou formations which are widely distributed throughout the basin (Fig.3) . The Sifangtai and Mingshui formations are the shallowest formations assessed for CO 2 storage in 15 this area. Although these formations are generally quite thick, in some areas they lie at depths less 16 than 800 m, and in some places, the formations are even exposed at outcrop (Fig. 1) . Moreover, 17 regional cap rocks are not present on the top of the Sifangtai and Mingshui formations. They are 18 therefore unfavourable for storage; outcrop offers a potential leakage pathway for stored CO 2 as it 19 migrates upward and as these formations are shallow the injected CO 2 would not remain in a 20 highly dense phase for efficient storage. 21
Seals 1
Regional seals in the northern Songliao Basin comprise thick mudstone layers in the 2 Qingshangkou and lower Nenjiang formations (Fig.2) . The mudstones in the lower Qingshankou 3 Formation, which directly overlie the reservoirs of the Quantou Formation, contain dark lacustrine 4 mudstones with a thickness of over 300 m (Fig. 4) 37 which have a diffusion coefficient less than 5
10
-5 cm 2 s -1 (the diffusion coefficient can be used alongside the fluid properties to indicate how 6 rapidly the fluid will move through the rock and is a measure of permeability) and a displacement 7 pressure of 3.9 MPa for natural gas 33 (Displacement pressure is a measure of the differential 8 pressure a rock can support and therefore its ability to act as a caprock for buoyant fluids). For 9 CO 2 , the displacement pressure was theoretically converted to 2.0 ─ 3.4 MPa. The black mudstone 10 of the Nenjiang formation has a thickness of 200 -300 m, 38 a diffusion coefficient of 8.4 ~ 18 × 11
-6 cm 2 s -1 and a displacement pressure of 5 MPa for natural gas (equivalent to a displacement 12 pressure of 2.5 ─ 3.7 MPa for CO 2 ). These seals in the lower Qingshankou and Nenjiang 13 formations cover the entire basin. The seals in the upper Qingshankou Formation are present 14 across most of the basin, but there are a few regions where these impermeable rocks are absent. 15
Undercompaction is very common in these regional seals, which has enhanced the plasticity of the 16 seals, and as a result, fewer fractures and faults penetrate the sealing formations and transmissivity 17 of faults is reduced (when pore fluids cannot escape in response to increased sediment loading, the 18 trapped fluid supports the increased sediment load and pore pressure increases, as a result, the 19 porosity is preserved and the formations are undercompacted and overpressured 39, 40 ). 20
21
Local seals include highly compacted rock in the uppermost Nenjiang Formation, the middleYaojia Formation, the lower Mingshui and lower Quantou formations (Fig. 2) . In the northern 1 Songliao Basin, although there are many potential local seals, their sealing quality is expected to 2 be quite poor due to their poor areal distribution (Fig. 4) . For example, seals in the lower Mingshui 3
Formation are only found in some areas of the western slope and central depression of the basin. 33 
4
Additionally, in the seals of the uppermost Nenjiang and lower Quantou Formations, mudstone is 5 interbedded with sandstone which reduces the plasticity of the seals. Despite these drawbacks, the 6 local seals are still expected to be effective in some areas. 7 8 Natural gas reservoirs associated with CO 2 are present in the lower Qingshankou, upper Quantou 9
and Yingcheng formations 41 . The presence of these naturally-occurring CO 2 reservoirs and 10 hydrocarbon reservoirs demonstrate the ability of the seals to contain buoyant fluids which 11 suggests this region is very favourable for CO 2 storage. 12 13
Pressure and Temperature (PT) 14
High pressure and quite high temperatures are required for CO 2 to exist in its supercritical phase, 15 however, these conditions also make wellhead engineering more challenging and add to the cost of 16 Statistical analysis also showed that the geothermal gradient of more than 75% of reservoirs in 1 northern Songliao Basin lies between 3.5 -5°C per 100 m, while only 11% have temperature 2 gradients lower than 3°C per 100 m. According to an assessment carried out by the authors on 19 3 boreholes distributed across the whole basin, the average heat flow of the whole Songliao Basin is 4 about 69 mWm -2 , 42,43 a little higher than the world average of 63 mWm -2 . 5 6
In order to determine the likely impact of temperature and pressure on the state of the injected 7 CO 2 , statistics about the distribution of the reservoir temperature and pressure in the oil fields of 8 northern Songliao Basin were collated (Fig. 5 ). These plots show that although lower temperatures 9 are observed at some sites, injected CO 2 would remain in its supercritical phase in most reservoirs 10 under the higher than normal geothermal regime. In the remainder of the reservoirs, CO 2 should 11 achieve a liquid state with high density, very close to its supercritical state. Thus the pressure and 12 temperature conditions are very likely to be suitable for CO 2 storage. 13 14
Salinity 15
The classification of salinity of underground water in China is shown in the Table 2. Analysis 16 indicated that the salinity of the aquifers in the oil and gas field of northern Songliao Basin is 3000 17 -13 000 mgL -1 . Over 75 % of the aquifers are highly brackish, while all the others are saline. 18
Thus the aquifers are suitable for CO 2 storage in terms of salinity and these aquifers are also not a 19 potable water source, reducing the risk of a conflict of usage (although very high salinities would 20 be unfavourable as viscosity of pore fluid would be increased). 21
In terms of distribution, generally, in the formations above the Quantou Formation, the salinity of 1 aquifers is high in the centre of the basin, and tends to be lower near the margins. In the 2 formations below the Quantou Formation, the pattern is reversed (Fig. 6) . 3 4 5.2.5 Hydrodynamic system 5 An active hydrodynamic system increases the risk of CO 2 migrating out of the CO 2 storage 6 reservoirs along with the groundwater. Thus, the favourable hydrodynamic state for CO 2 storage is 7 that of a weak hydrodynamic system with slow flow speed and low hydrostatic head. 8 9
The hydrodynamic field in the northern Songliao Basin is asymmetrical. Groundwater migrates 10 towards the basin centre in the northeast uplift area and northern plunge area, where the area is 11 recharged by precipitation. However, in the basin centre (which also includes the Sanzhao, 12
Qijia-Gulong, Changling and Heiyupao depressions) groundwater migrates outwards from the 13 basin centre. 45 These two different zones meet along a line from Well Lai 271 to Well Du 48, 46 so 14 the northern Songliao Basin is divided into three regions: 1) hydrodynamic area recharged by 15 precipitation in the northeast which has a strong hydrodynamic drive and a seepage velocity of 10 16 -20 cm a -1 ; 2) the region with a relatively weak hydrodynamic drive between the Nehe -Baiquan 17 Across the whole basin, the hydrostatic head level is higher than the ground surface, generallyonly by up to 250 m though there are a few high pressure regions where hydrostatic head is 1 estimated to be 400 m above the ground surface. When a well is drilled into an aquifer with 2 hydrostatic head level higher than the ground surface, if not controlled, the groundwater can move 3 upwards inside the well casing to a level that is higher than the level of the ground surface 48 , this 4 may which may increase the risk of CO 2 migration with the groundwater. Thus, the hydrostatic 5 head level was considered seriously during the potential area selection and received a relatively 6 high weighting. 7 8 Generally, the hydrodynamic regime is favourable for CO 2 storage, such that large scale leakage 9 of CO 2 caused by the movement of groundwater is not expected. 10 11 5.2.6 CO 2 source 12
After 2003, the CO 2 emissions of the industrial sector in northeast China showed rapid growth. 13
The Songliao Basin is the most important industrial area in northeast China, where the machinery, 14 metallurgy, petroleum, chemical industries are highly developed. Long-term industrial production, 15 high population density, and dependence on traditional fossil fuels means the CO 2 emissions in 16 this region are very high. Although the emission intensity is being reduced by increased efficiency 17 and changing industrial processes, overall the total amount of CO 2 emissions are still increasing as 18 the growth of industry is very rapid. 49 In the northern Songliao Basin, the number of both high 19 concentration sources (CO 2 concentration higher than 80%) and large stationary point emission 20 sources (which emit more than 10×10 3 t/y) of CO 2 is extremely large. 50, 51.
21
In addition to these anthropogenic sources, the amount of naturally sourced CO 2 produced from 1 this basin is quite large. Gas reservoirs in the northern Songliao Basin are often associated with 2 mantle-derived CO 2 gas. Analysis of the wells and layers containing CO 2 shows that in 21% of 3 cases, CO 2 accounts for more than 80% of the produced gas; and for 5 ─ 30% of the produced gas, 4 the percentage of CO 2 will be as high as 63%. 52 The CO 2 is removed during gas processing to 5 purify the produced gas and prevent pipeline corrosion. The removed CO 2 could be stored in a 6 geological reservoir, presently it is released into the atmosphere. The gas reservoirs associated 7 with high concentration CO 2 are mainly found in the Yingcheng Formation 52, 53 which lies at 8 depths greater than 3000 m was therefore not considered for CO 2 storage. A few gas reservoirs 9 associated with low CO 2 concentrations can be found in the upper Quantou formation and upper 10 Qingshankou Formation 51 where the seals are good enough to separate HFSA from other 11 formations and prevent the injected CO 2 from migrating into the surrounding reservoirs. 12 13
Selected regions 14
The areas with the most advantageous characteristics for CO 2 storage in northern Songliao Basin 15 were delimited based on the geological conditions described in the previous sections: 16
17
The potential storage reservoirs in the Nenjiang Formation reservoir have a wide areal distribution 18 and great thickness, but are too shallow in some places. North of Daqing, for example, near the 19 Well Gu 2 in the Qijia-Gulong Depression, the depth of reservoir rocks in the Nenjiang Formation 20 is less than 800 m. This was also the case in the west of the Longhupao Terrace and east of the 21 Qijia-Gulong Depression. Meanwhile, the salinity of aquifers in the Nenjiang Formation decreases 22 gradually from east to west to 3000 mgL -1 in the area east of Daqing and Da'an. Therefore, the 1 most promising area for CO 2 storage in the Nenjiang Formation is bounded to the west by the 2 West Slope area and by the Daqing anticline to the east and lies to the south of Daqing and to the 3 north of Zhaoyuan (Fig.7) . 4
5
The depth to the Yaojia and Qingshankou formations is generally more than 800 m. The reservoirs 6 with the greatest thickness are distributed to the north along Qinggang -Anda -Da'an, where 7 salinity is also quite high. However, in the area to the west of Qiqiha'er and Tailai, the thickness of 8 both the Yaojia and Qingshankou formations decreases to less than 50 m and the thickness of seals 9 decreases to less than 60 m. Thus these areas were selected as the east and west bounds for most 10 promising area of CO 2 storage in the Yaojia and Qingshankou formations. The north boundary is 11 marked by the Heiyupao-Wuyu'er depression based on the hydrodynamic regime (Fig. 7) . 12
13
The reservoirs in the Quantou Formation are concentrated in the Central depression and overlain 14 by thick mudstone caprocks from Taikang -Qinggang to Baicheng -Zhaoyuan, where the salinity 15 and hydrodynamic regime are also favourable (Fig. 7) . 16 17
Detailed assessment of potential storage areas 18
The most promising areas for storage identified by the authors were then studied in more detail. A 19 set of 39 criteria, each with several categories, was developed for the assessment and ranking of 20 localised areas in terms of their suitability for CO 2 storage (at oil/gas field scale). The weightings, 21 which express the relative importance of the different criteria, were determined by the AHP 22 (Analytic Hierarchy Process) method (Table 3) . 54 This set of criteria was applied then used to rank 1 the potential storage sites in HSFA in the primary and secondary areas recommended for storage. 2
After detailed data analysis, for each criterion, a score between 1 and 5 was given to every 3 candidate hydrocarbon field with HFSA. Then the weighted average score was calculated using 4 the scores for each criterion and its weight listed in Table 3 . 5 6
The authors considered HFSA in 42 hydrocarbon fields which lie within the areas identified as 7 most promising for CO 2 storage. From this dataset, HFSA near nine hydrocarbon fields scored 8 over 8 using the assessment criteria in Table 3 and are therefore defined as the primary 9 recommended area for storage locations in the northern Songliao Basin (Fig. 7) , 15 scored 7 ─ 8, 10 which was used to define the secondary area recommended for geological storage of CO 2 in 11 northern Songliao Basin (Table 4 ). All of these HFSA are concentrated in the Daqing placanticline, 12 north of the Longhupao, Qijian-Gulong and Sanzhao depressions (Fig. 7) . 13 14
Storage capacity calculation 15
The storage capacity of the HFSA identified in section 5.4 was calculated using equation [7] . 16 17
Determination of irreducible water saturation 18
Irreducible water saturation is one of the most difficult parameters to quantify when calculating 19 storage capacity. For the HSFA where irreducible water saturation data were not available, the 20 parameter was estimated using the formula [8] and porosity and permeability data. 55 The 21 calculation has been verified by comparison with actual data from core testing. 22
Where, K is permeability (mD); S wi is irreducible water saturation; ∅ is porosity; c is a constant 2 (for oil with medium density, c=250). 3 4 6.2 Determination of CO 2 density and solubility 5
The solubility of CO 2 in the formation water is related to temperature, pressure, ion type and 6 content of the formation water. A calculation model of CO 2 solubility, which considered the 7 content of Cl -(Chloride) and HCO 3-(Bicarbonate) ions, temperature and pressure was used in this 8
paper.
56, 57 This model was used to calculate the CO 2 solubility in the HFSA (Table 5 ). The density 9 of the formation water at subsurface conditions, used to calculate the CO 2 solubility, was 10 determined through the Nomograph given by Schowalter 58 , using temperature, pressure and 11 salinity data. 12
13
The CO 2 density in the different HFSA was determined in relation to a chart of CO 2 density with 14 temperature and pressure, which was presented by Bachu (Table 5) . 
Results 17
The total capacity of the HFSA in the primary recommended storage area was calculated to be 7.7 18 × 10 9 t CO 2 using equation [7] . The largest HFSA has a potential storage capacity of 4.9 × 10 9 t 19 CO 2 . For the 15 HFSA in the secondary recommended storage area, the total calculated storage 20 potential is 2.1 × 10 9 t CO 2 , with the largest having a calculated capacity of 732.1 × 10 6 t CO 2 . 21
Based on these calculations, the total potential storage capacity of the primary and secondary 22 storage areas identified in Fig. 7 is 9.8 × 10 9 tCO 2 , which could theoretically contain more than 1 100 years of emissions from the large-scale sources in the whole Songliao Basin if they were to 2 remain at present levels, as the current annual CO 2 emissions in Songliao Basin are 95 × 10 6 t.
60
3
There are 11 HFSA in this region with a total CO 2 storage capacity over 100 × 10 6 t, accounting 4 for about 50% of the total number of hydrocarbon fields, but their total capacity accounted for 5 about 95% of the calculated total for the primary and secondary storage areas (Table 5) . 6 7 Some of the smaller HFSA scored highly as the weighting of reservoir conditions such as reservoir 8 characteristics and security of storage is higher than the weighting of reservoir area and thickness, 9 which are very important for capacity. Thus, the total score of these smaller HFSA is higher than 10 some HFSA which have a large volume but less favourable other characteristics. slope also have advantageous characteristics for CO 2 storage and so are identified as the secondary 21 area recommended for storage in the northern Songliao Basin. 22 (3) The calculated storage capacity of the primary area recommended for storage is 7.7 × 10 9 t 1 CO 2 ; while the secondary area recommended for storage has a calculated capacity of 2.1 × 10 9 t 2 CO 2 . Theoretically, these areas offer a combined storage capacity that could store the CO 2 3
emissions from large-scale sources in the Songliao Basin for more than 100 years (at current 4 emission rates). 
